Estimation of general and specific combining ability effects in a diallel analysis of cross-pollinating populations, including the selfed parents, is presented in this work. The restrictions considered satisfy the parametric values of the GCA and SCA effects. The method is extended to self-pollinating populations (suitable for other species, without the selfed parents). The analysis of changes in population means due to inbreeding (sensitivity to inbreeding) also permits to assess the predominant direction of dominance deviations and the relative genetic variability in each parent population. The methodology was used to select popcorn populations for intra-and inter-population breeding programs and for hybrid production, developed at the Federal University of Viçosa, MG, Brazil. Two yellow pearl grain popcorn populations were selected.
Introduction
Diallel analysis of self-and cross-pollinating populations is used to study the genetic control of quantitative traits (Jinks and Hayman, 1953; Hayman, 1954 Hayman, , 1958 , to assess general and specific combining abilities (Griffing 1956a, b) and to perform heterosis analysis (Gardner and Eberhart, 1966; Gardner, 1967) . It allows to select superior pure lines for hybridization and, in cross-pollinating species, to screen populations for use in intra-and inter-population breeding programs. Griffing's methodology is certainly the most frequently used, because its analysis is easy to perform and to interpret. Gardner and Eberhart's method gives the same information as Griffing's (Cruz and Vencovsky, 1989; Viana, 2000a ). Hayman's method is the most complex to understand and to interpret, specifically for homozygous populations. Because of their potentials, these methodologies were adapted for partial diallels, with two groups of parents (Miranda Filho and Geraldi, 1984; Geraldi and Miranda Filho, 1988; Viana et al., 1999) .
Regarding cross-pollinating species, the general combining ability (GCA) effect is an indicator of the relative value of the population in terms of frequency of favorable genes and of its divergence, as compared to the other parents in the diallel. Thus, the analysis of GCA effects allows identification of superior parents, to be used in intra-population breeding programs. The specific combining ability (SCA) effect of two populations expresses the differences of gene frequencies between them and their divergence, as compared to the diallel parents. Therefore, the GCA and SCA effects should be considered in the selection of populations for hybrid production and for reciprocal recurrent selection programs. In addition to being indicators of the divergence of each population compared to the diallel parents, the SCA effects of a population with itself allow assessment of the predominant direction of the deviations due to dominance (Cruz and Vencovsky, 1989; Viana, 2000b ).
An important information in the selection of a population for a hybrid program is its sensitivity to inbreeding, which can be assessed from a diallel analysis by the inclusion of the selfed parents. In this case, the breeder can assess the genetic variability within each population and the change in the population mean due to inbreeding. The aim of this study is to present a methodology for general and specific combining abilities analysis of a diallel, including the selfed parents. The method will be used to select popcorn maize populations for intra-and inter-population breeding programs and for a hybrid development program, to be carried out at the Federal University of Viçosa, Brazil. selfed parental populations. The phenotypic means in the diallel table can be defined as follows (Viana, 2000b) where Y jj , Y jj' and Y jjF are, respectively, the means of the jth population, of the hybrid between the jth and j'th populations, and of the n times selfed jth population (j, j' = 1, ..., N);
is the GCA effect of the jth population;
is the SCA effect of the jth and jth populations;
is the alteration in the genotypic mean of the jth population due to n generations of selfing, where F = 1 -(1/2) n is the inbreeding coefficient; e jj , e jj' and e jjF are the errors associated to observations Y jj , Y jj' and Y jjF , respectively. For all loci of the polygenic system under analysis, m i is the mean of the genotypic values of the homozygotes, a i is the deviation between the genotypic value of the homozygote with greatest expression and m i , and d i is the deviation due to dominance (Falconer and Mackay, 1996) . The p ij probability is the frequency in population j of the locus i gene that increases the trait expression.
The greater the absolute value of d jF , the closer to 1/2 should be the gene frequencies in the population. Similarly to the s jj effects, the changes in the population means due to inbreeding are indicators of the direction of dominance effects. When the mean change is positive, there is negative unidirectional dominance. (Viana, 2000b) , are:
If the parents were selfed only once (F = 1/2), the estimator of the mean of the inbred lines which may be obtained from a population without selection is
The sampling variances of the estimators of the parameters and of the differences between effects are:
where $ σ 2 is the mean square of error of the variance analysis, and r is the number of replications,
The following hypotheses can be tested in the variance analysis of the diallel table:
• H 0(1) : g j = 0 for all j. Its rejection indicates differences in gene frequencies between the parents in the diallel;
• H 0(2) : s jj' = 0 for all j and j'. If there is genetic variability between the parents, its rejection indicates the presence of dominance;
• H 0(3) : p ij = 1 or p ij = 0 for all i (d jF = 0 for all j). If there is dominance, testing this hypothesis is equivalent to test for no genetic variability in each parent population.
Let
[ ]
be the parameter vector, R(.) the reduction in the total sum of squares due to fitting a certain model, and R(..) a difference between two R(.) terms (Searle, 1971; Graybill, 1976) . The sum of squares attributable to hypothesis H 0(1) (GCA sum of squares) is
, with N -1 degrees of freedom, where:
is the parameter sum of squares of the complete model; 
The sum of squares attributable to hypothesis H 0(2) (SCA sum of squares) is the same as that of Griffing's model (1956b) , given by
The sum of squares attributable to hypothesis H 0(3) (sum of squares due to inbreeding) is g, s) , with N degrees of freedom, where:
is the parameter sum of squares of the complete model reduced by the H 0(3) hypothesis, and further,
Due to inclusion of the selfed parents, the sum of squares attributable to the hypothesis of absence of dominance (d i = 0 for all i) is not the SCA sum of squares. Its value is given by the following expression:
), with N(N + 1)/2 degrees of freedom, where:
For analysis only with parents and hybrids, the estimators of the GCA and SCA effects and of the variances of the effect and contrast estimators are the same as already presented. The parameter sum of squares of the complete model is
The sum of squares attributable to hypothesis H 0(1) (GCA sum of squares) is R(g  µ, s) = R(µ, g, s) -R(µ, s), with N -1 degrees of freedom, where
is the parameter sum of squares of the complete model reduced by the H 0(1) hypothesis, given
The SCA sum of squares is the same as presented above. If there is genetic variability between the parents, it corresponds to the sum of squares attributable to the hypothesis of absence of dominance.
The previously described method was applied to a diallel with popcorn maize populations from the breeding program of the Genetic Sector of the Department of General Biology of the Federal University of Viçosa, MG, Brazil. The populations were: Rosa Claro, with red pearl grains; Branco, with white pearl grains; Roxo, with red pearl grains; Amarelo, Beija-Flor and Viçosa, all with yellow pearl grains. Beija-Flor also has colored and white grains and garlic-type grains. Pollination was carried out in the 95/96 season, and the parents, the selfed parents and the F 1 were experimentally assessed in 96/97 at Viçosa, MG. The expansion volume (EV = popcorn volume/grain weight) of the populations was assessed in a Hot Air Popcorn Pumper H7340 (1,250 W; 60 Hz) from Proctor Silex, and in the popcorn machine of the National Maize and Sorghum Research Center -CNPMS/Embrapa.
Results and Discussion

Expansion volume analysis
The joint diallel analysis showed that the differences between the GCA effects of two populations and between the SCA effects of the populations or hybrids were not constant for the two popcorn machines (Table 1 ). The difference between the changes in the means of two populations also varied from one to the other. Due to the interaction, a separated diallel analysis was made for each system. They showed differences between the GCA and SCA effects and between the changes in the means due to inbreeding (Table  2) .
Based on data obtained with the hot air popcorn machine, Beija-Flor (24.08) and Branco (24.59) populations were found to be superior in terms of frequency of favorable genes and divergent regarding the mean frequencies of the parent group (Table 3 ). The positive s jj estimates indicate that the genes with some degree of dominance acted so as to reduce the expansion volume (Table 4 ). The populations with the greatest differences in gene frequencies between each other and in relation to the parent group were Rosa Claro and Beija-Flor. They, however, did not produce the best hybrids, possibly due to negative heterosis. The best hybrids were Roxo x Beija-Flor (22.75), Branco x Beija-Flor (21.97), and Beija-Flor x Viçosa (20.24). Roxo and Beija-Flor are populations with small differences in gene frequency, but they are divergent as compared to the parents of the diallel. Branco and Amarelo, and Branco and Viçosa diverged little from each other and from the mean frequencies of the parent group (Table 4) . 468 Viana and Matta data obtained using the hot air popcorn machine; 3 data obtained using the CNPMS/Embrapa popcorn machine. diverged most both from the parents and between each other were Rosa Claro and Beija-Flor, and Roxo and Viçosa. They did not produce outstanding hybrids either. The best hybrids were Branco x Viçosa (22.94), Branco x Beija-Flor (22.38), and Beija-Flor x Viçosa (22.21). Roxo and Beija-Flor, and Rosa Claro and Roxo differed little in gene frequency, but they were divergent as compared to the mean frequencies in the parents. Rosa Claro and Branco, and Amarelo and Beija-Flor diverged little between each other and with regard to the parent group (Table 4) .
The analysis of alterations due to inbreeding in both assessment systems indicated the presence of bi-directional dominance (positive and negative dominance deviations), less genetic variability (gene frequencies closer to 1 or 0) in the Beija-Flor population, and greater sensitivity to inbreeding (gene frequencies closer to 1/2) in the Viçosa population, which is a source of desirable dominant genes for increased expansion volume (Table 5 ). Regarding the hot air popcorn machine, the estimates of the mean of the inbred lines which can be obtained from the Beija-Flor, Branco and Viçosa populations were, respectively, 24.08, 17.57, and 12.23. The corresponding values for the CNPMS/Embrapa popcorn machine were 23.24, 21.83, and 14.92.
Yield analysis
Variance analysis showed genetic variability between and within populations, and due to dominance gene action ( Table 2 ). The populations found to be superior in terms of frequency of the genes which increase yield and divergent as compared to the parent group were Viçosa (4860.4), Roxo (3171.4), and Amarelo (2590.5) ( Table 3) . The s jj estimates indicated that the dominant genes act predominantly to increase yield (Table 4 ). The two most productive hybrids were Amarelo x Viçosa (9111.8) and Roxo x Viçosa (8000.3). They are derived from populations with the greatest differences in gene frequencies from the parent group and between each other, and the superior yield is certainly due to high heterosis. and Viçosa, and Rosa Claro and Roxo have small gene frequency differences, but are divergent as compared to the mean frequencies of the diallel parents. The populations with the lowest divergence from the mean frequencies of the parent group and between each other were Roxo and Amarelo, and Branco and Amarelo (Table 4 ). The estimates of changes in the population mean due to inbreeding also indicated the presence of positive unidirectional dominance (Table 5) . Inbreeding depression was observed in all the populations, especially in Rosa Claro and Viçosa. The least sensitive population was Branco, and, compared to the others, the gene frequencies in this population were closer to 1 or to 0.
The means of Beija-Flor x Viçosa and Branco x Viçosa hybrids, which include a population superior in quality and a population superior in quality and yield, were 3016 kg/ha and 4332.7 kg/ha, respectively, indicating good yield potential. These hybrids have equivalent expansion volumes, with means of 20.24 and 19.33 in the hot air popcorn machine, and 22.21 and 22.94 in the CNPMS/Embrapa popcorn machine, respectively.
Analyses of plant height, ear height, proportion of root lodged plants, proportion of stalk lodged plants, prolificacy index, and one hundred grains weight With regard to plant and ear height, variance analysis indicated the presence of genetic variability between populations, significant differences between the GCA effects, nullity of SCA effects, and genetic variability within parent populations (Table 2) . Significance tests for changes in the means due to inbreeding can be carried out, once there is dominance, as indicated by the test of hypothesis H 0 : d i = 0 for all i. The F statistics values were 3.78 (significant at the 1% level of probability) for plant height and 2.56 (significant at 5%) for ear height. The analysis of the GCA effects estimates showed that Branco (PH = 1.08 and EH = 0.50) and Beija-Flor (PH = 1.60 and EH = 0.67) were sources of 470 Viana and Matta Table 3 ). The estimates of changes in the mean due to inbreeding showed positive unidirectional dominance for the two traits (Table  5) . Rosa Claro had the highest degree of sensitivity to inbreeding, and Beija-Flor was the least sensitive. Beija-Flor also showed the smallest genetic variability within a population for the two characteristics.
Regarding the proportions of root lodged and stalk lodged plants, variance analysis indicated that there was genetic variability between populations and dominance (F = 2.36 and F = 3.67, significant at the 5% and 1% levels of probability for RL and SL, respectively). The GCA effects were significant for SL, while only significant RL variability was detected within populations (Table 2) . Genes determining stalk lodging resistance were more frequent in the Amarelo population (SL = 0.09) ( Table 3 ). For RL, the estimates of changes in the mean due to inbreeding indicated negative unidirectional dominance (Table 5 ). The most sensitive populations were Rosa Claro and Branco. BeijaFlor and Viçosa had less within-population genetic variability. Generally, the values of the proportions of root lodged and stalk lodged plants were not high in the parents, varying from 0.03 to 0.18 for RL, and from 0.09 to 0.12 for SL.
For the prolificacy index, there is evidence of genetic variability between populations and of dominance effects (F = 2.44, significant at the 1% level of probability), although the GCA and SCA effects were nil, as were the changes in the population means due to inbreeding. No evidence of variability between and within populations was found for one hundred grains weight (Table 2) .
Conclusion
Considering the obtained results, the importance of quality in popcorn populations, the commercial aspect of the grains and the proposal of the program developed by the Genetic Sector of the Federal University of Viçosa, the following conclusion was reached: the Beija-Flor and Viçosa populations should be used in intra-and inter-population (reciprocal recurrent selection) breeding programs and for the production of hybrids.
